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The  SLEUTH  model  is applied  to  a binational  dryland  watershed  to develop  future  scenarios.
Three  scenarios  simulate  changing  spatial  patterns  to  help  guide  planning  for the  future.
Limit  growth  beyond  cross-border  commerce  areas,  protects  forests  and  wildlife  habitat.
Trade-offs  between  urban  area,  the  economy,  and  environmental  impacts  can  be realized.
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The  SLEUTH  urban  growth  model  is applied  to a binational  dryland  watershed  to  envision  and  eval-
uate  plausible  future  scenarios  of  land  use  change  into  the  year  2050.  Our  objective  was  to  create  a
suite  of geospatial  footprints  portraying  potential  land  use  change  that  can  be  used to  aid  binational
decision-makers  in assessing  the  impacts  relative  to sustainability  of  natural  resources  and  potential
socio-ecological  consequences  of proposed  land-use  management.  Three  alternatives  are designed  to
simulate  different  conditions:  (i) a Current  Trends  Scenario  of unmanaged  exponential  growth,  (ii)  a  Con-
servation  Scenario  with  managed  growth  to  protect  the  environment,  and  (iii)  a  Megalopolis  Scenario
in  which  growth  is  accentuated  around  a  deﬁned  international  trade  corridor.  The model  was  calibrated
with historical  data  extracted  from  a time  series  of satellite  images.  Model  materials,  methodology,  and
results  are  presented.  Our  Current  Trends  Scenario  predicts  the  footprint  of  urban  growth  to  approxi-
mately  triple  from  2009  to  2050,  which  is  corroborated  by local  population  estimates.  The Conservation
Scenario  results  in  protecting  46%  more  of  the  Evergreen  class  (more  than  150,000  acres)  than  the  Cur-
rent  Trends  Scenario  and  approximately  95,000  acres  of  Barren  Land,  Crops,  Deciduous  Forest  (Mesquite
Bosque),  Grassland/Herbaceous,  Urban/Recreational  Grasses,  and  Wetlands  classes  combined.  The  Mega-
lopolis  Scenario  results  also  depict  the  preservation  of  some  of  these  land-use  classes  compared  to the
Current  Trends  Scenario,  most  notably  in  the environmentally  important  headwaters  region.  Connectiv-
ity and  areal  extent  of  land  cover  types  that  provide  wildlife  habitat  were  preserved  under  the  alternative
scenarios  when  compared  to Current  Trends.
Open access under CC BY-NC-ND license.. Introduction
Cellular automata (CA) models can create projections of
and-use change useful for proactive decision-making in linked
uman-environment systems (Hegselmann, 1998; Li & Reynolds,
997; Li & Yeh, 2000; Phipps, 1989; White & Engelen, 2000). Com-
ared to other geographical models, CA-based models can capture
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E-mail addresses: lnorman@usgs.gov (L.M. Norman), mfeller@usgs.gov
M.  Feller), miguel@email.arizona.edu (M.L. Villarreal).
169-2046      Published by Elsevier B.V.
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Open access under CC BY-NC-ND license.Published by Elsevier B.V.
non-linear, spatial and stochastic processes of urban growth in sim-
ple but realistic ways (Al-kheder, Wang, & Shan, 2008; Liu, 2008;
Santé, García, Miranda, & Crecente, 2010; Stevens, Dragicevic, &
Rothley, 2007). A distinguishing feature of CA models is the poten-
tial to deﬁne transition rules, which represent the various spatial
and non-spatial factors that might impact urban development (Al-
kheder et al., 2008; Almeida, Gleriani, Castejon, & Soares-Filho,
2008; Liu, 2008; Santé et al., 2010).The SLEUTH model, named as an acronym for its input data
layer requirements—slope, land use, exclusion, urban extent, trans-
portation and hillshade data—is a fuzzy constrained CA model that
can predict potential future urban growth and land-use change
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n a spatially explicit fashion (Clarke & Gaydos, 1998; Clarke,
oppen, & Gaydos, 1997; Dietzel & Clarke, 2006; Jantz, Goetz,
 Shelley, 2004; Jantz, Goetz, Donato, & Claggett, 2010; Silva &
larke, 2002). The SLEUTH model was developed, veriﬁed, and
alidated by Clarke et al. (1997) and Clarke and Gaydos (1998).
he SLEUTH model processes a raster grid of cells representing
he land surface that changes state as the model iterates, and
s regulated by neighborhood rule conditions. Each cell is repre-
ented with an automaton—an entity that independently executes
ts own state-transition rules—while recognizing the states and
ttributes of nearby cells (Jantz et al., 2010). It has been applied
n many locations, including the Washington-Baltimore area by
antz et al. (2004) and at Ambos Nogales by Norman, Feller, &
hillip Guertin (2009),  and there are multiple variants currently
n use that attempt to improve upon the early model (Jantz et al.,
010). The SLEUTH-3r-.rev.1.1includes an urban model and a land-
over change transition model, which is applied in this study (Jantz
t al., 2010). Land-use/land-cover change in human-inﬂuenced
andscapes is complex and adaptive and cannot be predicted with
onﬁdence over decadal time scales, yet CA and other agent-based
odels offer the potential for exploring some possibilities through
cenarios. SLEUTH is very sensitive to initial model conditions but is
n appropriate model for regional land cover modeling in a water-
hed analysis.
We  describe the application of SLEUTH in the binational Santa
ruz Watershed, which is located on the US-Mexico border of Ari-
ona and Sonora (Fig. 1), to develop alternative future scenarios
f land-use change. Kepner et al. (2009) found that the most sig-
iﬁcant hydrologic changes in alternative future scenario analysis
n a semi-arid watershed are associated with urbanization and the
ssociated replacement of vegetation with impervious surfaces. In
ddition to this, we consider challenges for the future that may
nclude the loss of wildlife habitat, increased demands for natural
esources, and economic incentives of international trade in our
cenario development. This research tests the ability of SLEUTH
o generate scenarios under differing assumptions about land-
se change drivers and increases the understanding of how land
se/land cover expands in space and over time. Results provide spa-
ially explicit footprints of plausible future scenarios that are useful
o investigate social-ecological linkages and sustainable develop-
ent options for this transboundary watershed.
. Background
The Santa Cruz Watershed is partially located in the Sonoran
esert, one of the largest and hottest deserts in North Amer-
ca. The climate is ideal for many animals and plants that have
eveloped adaptations to the bimodal rainfall patterns and high
emperatures—but people too are attracted to the sunny days and
arm dry air—and the fragile desert ecosystems are extremely sen-
itive to impacts of human habitation and associated land use.
Throughout the last 4 or 5 hundred years, human population
as increased exponentially (Carr-Saunders, 1936). According to
nderson (2003),  the population in the US-Mexico border region
as grown more rapidly than in either country as a whole. Colo-
ias (the Spanish word for neighborhood) are deﬁned in the United
tates as predominantly Hispanic, poor, unplanned settlements
hat lack sewer, clean water, and/or safe and sanitary housing
hat are located within 150-miles of the international boundary.
orman et al. (2006) identiﬁed many new colonias in the Santa
ruz Watershed around Ambos Nogales (Nogales, Sonora, Mexico,
nd Nogales, Arizona; Fig. 1), but many more exist today. Aside
rom Ambos Nogales, where population estimates vary around
70,000, humans in the Santa Cruz Watershed are mostly found in
ucson, Arizona (Fig. 1), where population estimates are 530,000an Planning 107 (2012) 225– 235
(US Environmental Protection Agency, 2012). According to Vest
(2010),  the population of the larger Tucson Metropolitan Area (Pima
County) is predicted to triple by 2040.
It is well-documented that growing populations have impacts
on all aspects of the natural world (Daily et al., 1998; Ehrlich, 1968).
Nie et al. (2010) demonstrate a relationship between the urban
growth between 1992 and 2001, in which the increase in devel-
oped area of 45.3%, impacted local hydrology in the Santa Cruz
Watershed by decreasing average evapotranspiration (ET) by 0.29%
and increasing surface runoff by 6.7% and water yield by 5.1%. The
conversion of land for development also impacts agricultural, recre-
ational, and cultural aspects of the land, and tests the resilience
of social-ecological systems. Resilience is the capacity of a system
to withstand disturbance while maintaining the same functions
(Adger, Hughes, Folke Carl Carpenter Stephen, & Rockström, 2005;
Walker, Holling, Carpenter, Kinzig, & Resilience, 2004). The dryland
ecosystem of the Santa Cruz Watershed faces many biophysical and
social challenges to maintain long-term socio-ecological resilience
and is becoming more vulnerable through time (Morehouse et al.,
2008). Poverty, environmental degradation, and resource overcon-
sumption are all tied to the urban development and associated
population growth that is not sustainable at current rates (Bartlett,
1998; Meadows et al., 1972).
Sustainable development promotes using resources sparingly to
satisfy the requirements of society, while preserving the environ-
ment for future generations (World Commission on Environment &
Development, 1987). The United Nations World Summit Outcome
Document (2005) describes sustainable development using three
“pillars” of (i) economic development, (ii) social development, and
(iii) environmental protection. It has been suggested that using
an ecosystem services approach supports planning for sustain-
able development by highlighting the links between environmental
management and economic and societal goals (Ash et al., 2010;
Costanza et al., 1997; Daily, 1997). Linking social and ecological
systems in management and planning helps communities pre-
pare for and cope with disasters (Berkes et al., 2000; Adger et al.,
2005).
Dryland ecosystems were identiﬁed in the Millennium
Ecosystem Assessment (MEA; 2005) as particularly vulnerable to
change based on the combination of growing populations, vari-
ability of environmental conditions, poor human well-being and
societal vulnerability. Morehouse et al. (2008) recognized a need
for more transboundary science–society interactions in the Santa
Cruz Watershed. Norman et al. (2012) compared the distribution
of regulating ecosystem services with the geography of socio-
environmental vulnerability in the Santa Cruz Watershed, revealing
potential disparities in environmental risks and burdens in resi-
dential districts surrounding and between urban centers. However,
accurately quantifying the impacts of future urban growth on
ecosystem services is difﬁcult because of the lack of information
associating alternate landscapes to ecosystem services (Oguz, Klein,
& Srinivasan, 2007).
The United States Geological Survey (USGS) has developed the
Ecosystem Portfolio Model (EPM), to portray sustainability’s three
“pillars” as sub-models in an online decision support system and
visualize tradeoffs of ecosystem services (Labiosa et al., 2009). This
model is being applied at the Santa Cruz Watershed to inves-
tigate the costs and beneﬁts of binational land-use and water
management practices (SCWEPM; Norman et al., 2010). Inputs to
the SCWEPM include biophysical and socio-economic models, as
well as climate and land-use change scenarios. In this paper, we
present the development of three alternative futures, based on cur-
rent trends, and the popular management goals of environmental
protection and economic promotion. Spatially explicit raster sce-
narios of the alternative futures are generated using the SLEUTH
model—materials and methods are described herein. Results are
L.M. Norman et al. / Landscape and Urban Planning 107 (2012) 225– 235 227
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hen presented with a discussion of the usefulness and potential
mprovements that could be made in future research endeavors.
. Materials and methods
The SLEUTH model uses a general-purpose computer pro-
ramming language (C language libraries) to manipulate Graphics
nterchange Format (GIF) images. High-resolution input increases
odel prediction, but is computationally intensive; we used
he USGS Eastern Geographic Science Center’s (EGSC) high-
erformance computing cluster in this application. The SLEUTH
odel operates under sets of predeﬁned growth rules that are
pplied in a set of nested loops. The growth rules applied to the
nput layers include: (i) spontaneous neighborhood growth, based
n suitable slope to develop under the control of the diffusion coef-
cient; (ii) diffusive growth and new growth centers; (iii) organic
rowth, which expands cities into their surroundings and inﬁll; and
iv) road inﬂuenced growth, which allows growth to happen on and
long roads (Silva & Clarke, 2002).
.1. Current Trends Scenario
The Current Trends Scenario depicts what development might
ook like in the year 2050 based on historic trends in settlement
atterns and direction. Imagine Greater Tucson (IGT; 2012) is a
ommunity-based effort that is attempting to identify a common
ision and plan for the future of Tucson, using an online ques-
ionnaire system to gather information from community members.
ecause the majority of humans in the Santa Cruz Watershed reside
n this metro area, the preferences and concerns being documented
y IGT provide a reference to adapt watershed-wide change scenar-
os. The Current Trends SLEUTH scenario was developed to imitate
arts of IGT’s “Trend Scenario”. The input layers for SLEUTH are
escribed in the next section, followed by a description of the cali-
ration and prediction phases.
The Slope for the Santa Cruz Watershed was derived from the
ational Elevation Dataset 30-m resolution digital elevation model
DEM) and portrayed in percent slope. IGT identiﬁed that slopes
reater than 25% be protected, however, Norman et al. (2009) found
hat urban development south of the international border paid less
ttention to slope when establishing development, therefore, to
epresent the larger watershed, we opted to set the resistance of
evelopment to slope to the default (15%) for this application. of Arizona and Sonora with major cities and national land owners identiﬁed.
Villarreal et al. (2011) created land-cover maps at decadal inter-
vals (1979, 1989, 1999, and 2009) using Landsat Multispectral
Scanner and Thematic Mapper data and a classiﬁcation and regres-
sion tree classiﬁer. The results of reported accuracy assessments
indicate the maps are more than 80% accurate, for the entire water-
shed for all dates; however individual class accuracies varied in
some cases (Villarreal et al., 2011). The 14-class land-cover classi-
ﬁcation scheme (2011) was  based on classes described in the 2001
National Land Cover Database (NLCD 2001; Homer et al., 2007):
• 11 open water
• 21 developed, open space
• 22 developed, low intensity
• 23 developed, medium intensity
• 24 developed, high intensity
• 31 barren land
• 41 deciduous forest (Mesquite Bosque)
• 42 evergreen forest
• 52 shrub/scrub
• 71 grassland/herbaceous
• 81 pasture hay
• 82 cultivated crops
• 91 Palustrine forested wetland (riparian forest and woodland)
• 95 emergent herbaceous wetlands
The SLEUTH model operates more efﬁciently when the land-
use input is limited to 10 classes. While it has been recognized
that developed land with open space has been proven to increase
environmental beneﬁts and quality-of-life (Giles-Corti et al., 2005),
and likely developed land with low, or medium, vs. high inten-
sity has certain costs and beneﬁts associated, the urban area input
for SLEUTH is restricted to 1 class. Therefore, all classes describ-
ing developed area (21–24) were reclassiﬁed as “20 Urban”. Other
classes were combined in the following manner to achieve the
reduced number of classes. Classes describing crops, both pasture
hay and cultivated crops (81-82), were reclassiﬁed to “80 Crops”
and the three wetland classes (91–95) were collapsed to one single
“90 Wetlands” category. The resulting scheme includes 10 classes:
1. 11 open water
2. 20 urban
3. 31 barren land
4. 41 deciduous forest (Mesquite Bosque)
5. 42 evergreen forest
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6. 52 shrub/scrub
7. 71 grassland/herbaceous
8. 80 crops
9. 85 urban/recreational grasses
0. 90 wetlands
Fig. 2 shows the change in land use/land cover in the Santa
ruz Watershed between 1979 and 2009. It is noted that the ‘open
ater’ and ‘wetlands’ classes are only represented by a very small
rea in this dryland ecosystem and barely discernible at the map
esolution.
The user can also specify additional resistance rules in the
xclusion layer, by partially or completely excluding area from
evelopment (Jantz et al., 2010). The Exclusion input is a map/grid
f numbers which designates lands that are resistant to urban
evelopment. Areas where urban development is impossible (i.e.
pen water or national parks) are given a value of 100 (no develop-
ent). Locations that are available for urban development, without
estrictions, have a value of zero (0); numbers between 0 and 100
lso “available for development”, implying a spectrum of resistance
o development. The Current Trends scenario mimicked IGT’s inten-
ion to protect committed open space by giving it a value of 100.
ther areas entirely excluded from development include the San
avier District of the Tohono O’odham Nation, Tumacácori National
istoric Park, the Coronado National Forest and Saguaro National
ark, which protects some of the most impressive forests of enor-
ous cacti, the Giant Saguaro. Other excluded areas include minesnd quarries, landﬁlls, golf courses, Tucson Water acquired lands
n Avra Valley, Davis-Monthan and Tucson International Airport
pproach and departure corridors, parks, cemeteries, and Public
ights-of-Way (Imagine Greater Tucson, 2012).and 2009, modiﬁed from Villarreal et al. (2011) for input to SLEUTH.
We assigned a riparian buffer zone in this layer a value of 100, to
protect the washes and riparian corridors. A riparian buffer zone is
an area of trees, shrubs, grasses, or a combination that is at least 50-
feet (∼15 m;  Dosskey et al., 1997) wide on each side of the river that
is managed to maintain the stream integrity and reduce the effects
of nonpoint-source pollution by slowing and ﬁltering runoff, and
by preventing erosion. The binational ‘Medium Resolution Hydrog-
raphy’ map layer was downloaded from the U.S.-Mexico Border
Environmental Health Initiative (BEHI; US Geological Survey, 2012)
transboundary dataset web  portal and clipped to the watershed. A
stream layer was also derived surrounding Ambos Nogales, based
on the DEM, and added to the hydrography dataset. All vector data
were rasterized to a 30-m pixel, to include 15-m on both sides of
the wash/stream that represents the riparian zone recommended
and these were excluded from future development.
The Urban extent for the start year, or seed, is used to initialize
the model and is the basis for the CA-driven urban growth. For cali-
bration, the earliest urban year is used as the seed, and subsequent
urban layers, or control years, are used to measure several statistical
best ﬁt values. Under the new version of the model, SLEUTH-3r-
.rev.1.1, the application permits using only two urban layers as
input, however, prediction is improved when four urban layers are
used as input, as per operating under the older versions standard
required. We  used four urban layers for calibration: one for ini-
tialization and three additional for a least-squares calculation. The
deﬁnition of “urban extent” is up to the creators of the data set as the
model simply requires a binary classiﬁcation of urban/nonurban.
The land-use dataset developed by Villarreal et al. (2011) was
reclassiﬁed for this layer input. The classes describing urban extents
(21–24) for each year were reclassiﬁed as “100” and all else “0”. As
with many time series maps, data describing urban area in one
L.M. Norman et al. / Landscape and Urb
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diffusion, spread, and breed growth coefﬁcients are multiplied by979, 1989, 1999, 2009—modiﬁed from Villarreal et al. (2011)—for input to SLEUTH.
ear did not necessarily align geospatially with succeeding data
ayers. This could be because of differing satellite sensor pixel reso-
ution of the data used to create the multitemporal land cover maps
60 m Landsat MSS  for 1979 and 30 m Landsat TM for 1989–2009),
he stated classiﬁcation error in the maps—where individual class
ccuracies vary by year and by cover class, and/or the reclassiﬁca-
ion of all developed land to “urban”—where some might have been
lassiﬁed as ‘Developed, Open Space” in one year and recovered
uring the successive years. However, because SLEUTH requires
hat urban cells remain urban through time, the data were manipu-
ated to simulate that urban pixels from the seed year (1979) were
arried through to the second year (1989) and each subsequent
Fig. 3).
The Transportation network was created from a variety of
ources. A binational Transportation dataset was downloaded from
he USGS BEHI portal for the study area. Other transportation net-
orks were then added, including U.S. Census roads information
rom Pima, Pinal and Santa Cruz counties from the Decennial Cen-
us in 2000 (US Census Bureau, 2012) and local road data (1:50,000)
rom 1999 for the city of Nogales, Sonora, from the Mexican Map-
ing Agency (Instituto Nacional de Estadística y Geografía, 2012).
ll these vector line features were rasterized and reclassiﬁed to
0-m pixels. The road network image used for this iteration is
inary (road/non-road; 100/0). The model used the “current” trans-
ortation layer as input along with one “future” layer, which was
he same dataset renamed 2011. The graphic Hillshade input to
LEUTH is not used in calibration or prediction, but is incorpo-
ated into the output to visualize results and was  created using the
EM.an Planning 107 (2012) 225– 235 229
3.2. Calibration
The ﬁrst phase of this modeling effort was  to calibrate the model,
which was  initialized with the urban extent and land use data from
1979. We  used the Brute Force Monte Carlo method, where given
a range of values, the model iterates using every possible com-
bination of parameters. The number of Monte Carlo simulations
increase as the iterative calibration process is completed. The orig-
inal value for the Monte Carlo is 5, with that value changing to
7, 11, and 100 respectively. As the limits of the 5 growth coefﬁ-
cients decreases, the number of Monte Carlo simulations increase
and as the number of Monte Carlo simulations increases, a general
smoothing of the results occurs.
The calibration is automated to try many combinations of the
control parameters and performs multiple runs from the seed year
to the most recent data set, each time computing 13 different mea-
sures of the goodness of ﬁt between the modeled and the real
distributions (Clarke & Gaydos, 1998; Silva & Clarke, 2002). The
individual metrics (compare, population, shape index, and good-
ness of ﬁt metric) and the modiﬁed metrics (population, edges,
cluster, and size) for calibration provided similar results in the Santa
Cruz Watershed for the growth parameters as generated through
the calibration module (Silva & Clarke, 2002). During each iteration
of the calibration process, values are calculated for the calibration
coefﬁcients and for the individual metrics. The process took the
top ﬁve iterations for each of the observed metrics, obtained the
minimum and maximum value of each of the growth coefﬁcients
for those metrics, and generated an increment that would allow
for ﬁve iterations, for each growth coefﬁcient, to be applied in the
next calibration execution. Further information on the calibration
process can be found in Candau (2000).  The major metrics that
were weighted for use in the calibration phase include compare,
leesalee, and Fmatch, since land use of the area was  part of the
calibration. The compare metric is calculated using the modeled
population for ﬁnal year divided by the actual population for ﬁnal
year. The leesalee metric is a shape index that measures the spa-
tial ﬁt between the model’s growth and the known urban extent
for the control years, while the Fmatch metric is the proportion of
goodness of ﬁt between the individual land use classes.
A set of control parameters is reﬁned in the sequential cali-
bration phase (coarse, ﬁne and ﬁnal calibrations) and provided in
SLEUTH output “avg.log” after the ﬁnal predict phase for compari-
son. The SLEUTH model allows the growth coefﬁcients to become
dynamic over the course of the calibration runs. The growth coefﬁ-
cients that inﬂuence the potential for nonlinear growth during the
calibration process are diffusion (scatter of the growth), breed (like-
lihood of new settlements to develop), spread (growth outward and
inward from existing centers), slope resistance (ﬂat is preferred),
and road gravity (attraction of growth to roads and diffusion of
urbanization along roads; Silva & Clarke, 2002). These coefﬁcients
are dependent on the spatial representation of excluded lands and
those available for development. The capability to allow the change
in the growth coefﬁcients is known as self-modiﬁcation. The sums
of the four different growth types provide the growth rate that
determines if the self-modiﬁcation rules will be applied. The values
that determine whether the growth coefﬁcients will remain static
or change are deﬁned by the constants declared in the scenario ﬁle
as critical high and critical low.
If the growth rate is greater than the critical high value, then
the diffusion, spread, and breed growth coefﬁcients are multiplied
by the value set as the critical high equating to a boom period of
development. If the growth rate is less than the critical low, then thethe value in the scenario ﬁle deﬁned as critical low. In the execution
of the SLEUTH model for the Santa Cruz Watershed, the critical
high value was set to 1.1 and the critical low value was  set to 0.9.
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Fig. 4. Deciduous Forest (Mesquite Bosque) and Evergreen Forest, enlarged Riparian
Buffer and Protected Lands that are ‘Excluded’ from growth in the Conservation30 L.M. Norman et al. / Landscape an
hen there is a drastic change in the growth rate of the area, the
rowth coefﬁcients have the potential to decrease or increase thus
eﬂecting the boom and bust cycles mimicking the development
rocess that occurs on the landscape. We  used the values that were
enerated in the ﬁnal predictive run to set the parameters to their
est match: Diffusion 85, Breed 15, Spread 25, Slope 35, and Road
ravity 60.
.3. Alternative scenario development
Through a series of scenario-guided surveys and study of public
eview in the neighboring San Pedro binational watershed, Steinitz
2003) discovered that there are three major issues facing this semi-
rid desert region: (i) population growth and planning, (ii) water
anagement, and (iii) land management and conservation. Public
alues in the Santa Cruz Watershed that have surfaced based on IGT
urveys and analysis include: “Business and the Economy; Cultural
iversity and Regional Character; Governance and Leadership; K-
2 Education; Land Use and Urban Design; Natural Resources,
nvironment and Outdoor Recreation; Transportation and Acces-
ibility; University of Arizona and Its Role in the Region; and Well
eing and Safety” (Imagine Greater Tucson, 2012).
In trying to corral this large range of concerns, we considered
he three pillars of sustainability and developed two scenarios
o project future growth from 2009 to 2050. The model is run
sing the parameters established for Current Trends growth in the
atershed, using the ‘Excluded layer’ with the following mutually
xclusive changes: (i) in the ﬁrst case, we accentuate the protec-
ion of the environment for the Conservation Scenario and (ii) in
he second case, we promote local economic interests, calling it our
egalopolis Scenario. Guzy et al. (2008) argue that policy should
e considered the most signiﬁcant driver in scenario derivation for
cosystem Services research, but on the US-Mexico border, imple-
enting binational policy requires both countries to collectively
dentify, prioritize, address, and resolve border-wide issues. We
ope to provide a venue for stakeholders to collectively consider
he results of these scenarios and to identify the impacts of these
anagement thrusts on people’s social development across the
nternational border. These alternative futures are described below
nd their exclusion probabilities are outlined and compared with
urrent Trends Scenario in Table 1, followed by the results.
. Conservation Scenario
Riparian ecosystems are important elements in landscapes that
an provide a disproportionately wide range of ecosystem services
nd their protection and restoration is one of the top environmen-
al management priorities across the United States (Jones et al.,
010). Many local stakeholders in the Santa Cruz Watershed have
xpressed intentions to promote adaptation and conservation prac-
ices. For example, the Sonoran Institute wants to maintain the
anta Cruz River as a healthy river ecosystem in a stable and sus-
ainable state. Santa Cruz County highlighted the importance of
he river in the 2004 Comprehensive Plan and speciﬁed that “the
anta Cruz River and its watershed should be conserved and man-
ged as a Living Ecosystem” (Zugmeyer et al., 2010). The Friends
f the Santa Cruz River (FOSCR) is a non-proﬁt, all volunteer group
hat works to keep the river ﬂowing, its banks clean and green, and
ts environment bountiful to both wildlife and people (Friends of
he Santa Cruz River, 2012). The Bureau of Reclamation, Arizona
epartment of Water Resources, and the City of Nogales, Arizona
ave implemented a group Water Storage Study in the Santa Cruz
ctive Management Area, to examine local water resource man-
gement with a focus on long-term water storage. The Santa CruzScenario.
Valley Heritage Alliance’s mission is to preserve and advance the
region’s living heritage to improve the quality of peoples’ lives.
Vegetation in the riparian buffer can affect the type and amount
of organic matter and food sources available for stream organisms
and also the amount of sunlight that reaches the stream as well as
the temperature of the water. The physical structure of the stream
itself is affected by riparian vegetation. In some cases, the ripar-
ian buffer may  serve as habitat or travel corridors for wildlife. The
maintenance of landscape connectivity between wildlife popula-
tions increases their chance of survival. The loss of species related
to fragmentation and habitat loss are subtle at ﬁrst but after some
threshold of habitat loss, the decline in diversity might be dras-
tic (Huggett, 2005; Mönkkönen & Reunanen, 1999). Endangered
species, like the northern jaguar (Panthera onca), depend on pro-
tected habitat in both Mexico and the U.S. (Grigione et al., 2009;
McCain & Childs, 2008). Since Arizona is one of the fastest grow-
ing states in the U.S., the protection of habitat corridors from urban
and highway expansion is critical (Povilitis, 2008). Spackman and
Hughes (1995) state that ﬁeld assessments of individual species
need to be conducted to provide realistic corridor-width require-
ments, but report that minimum corridor widths ranged from 10- to
30 m above the high-water mark would include 90% of the stream-
side plant species. Welsch (1991) recommends a riparian buffer
of 95 feet (∼30 m)  on both sides of the stream. We  enlarged the
riparian buffer zone from a 30-m strip total (15 m per side) in the
Current Trends Scenario to a 60 m strip in this scenario, creating
a 30 m buffer on each side to accommodate more wildlife habitat
(Fig. 4).
Forests are one of our most important natural resources, they
transform carbon dioxide into oxygen (Magnani et al., 2007), miti-
gate effects of climate change (Bonan, 2008), increase biodiversity
and provide habitats (Freemark & Merriam, 1986), store and purify
water and help prevent erosion (Anderson, Hoover, & Reinhart,
1976), provide food and medicine, and add to the aesthetics of the
landscape (Chazdon, 2008; Ewel, Twilley, & Ong, 1998; Nasi et al.,
2002). Mesquite Bosques (forests) are extremely valuable in the
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Table 1
Table listing data elements at each growth scenario with the assigned exclusion probabilities, where P = percent chance (probability) of not being developed.
Data element Current trends P Conserve P Megalopolis P
Protected Areas State, Federal, and Local Parks, Water, Easements Yes 100 Yes 100 Yes 100
Riparian Buffer 30 m 100 60 m 100 30 m 100
Deciduous Forest (Mesquite Bosque) and Evergreen Forest Yes 100
Transportation All  Roads Yes Yes Yes
Megalopolis Strip Zone >15 km 50
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tically demonstrate a high ‘goodness of ﬁt’.
The results of modeling the future scenarios of Current Trends,
Conservation, and Megalopolis Growth are displayed in Fig. 8. AsSlope  Model limited over 15% 
anta Cruz Watershed because they can grow quickly, providing
hade and wildlife habitat, where other trees won’t (Stromberg,
993). In the Mexican portion of the Santa Cruz Watershed, there
re no designated Federal lands to preserve and conserve forested
ands or exclude them from growth. In the United States, the major-
ty of forested land is located on public lands and thus, already
xcluded from growth—however some patches of forest are located
round the riparian zone and outliers exist. We  classiﬁed all of the
and identiﬁed as Deciduous Forest (Mesquite Bosque) and Ever-
reen Forest in the 2009 land cover map  (Villarreal et al., 2011)
ith the value of 100 and added that to the Excluded input in the
onservation Scenario (Fig. 4).
.1.1. Megalopolis growth scenario
The Santa Cruz Watershed includes a large subset of Arizona’s
Sun Corridor” that stretches south to the Mexican border and
orth through Tucson. According to both the Morrison Institute
Gammage, 2009) and the Sonoran Institute (Hunting et al., 2010),
s the Sun Corridor grows, ﬁnding balance between resource, eco-
omic, and social needs will become necessary. The Sun Corridor is
ne of the eleven United States emerging economic ‘mega-regions’
densely populated hubs connected by mass transit) that recognize
nd allow for open space, watersheds, and other natural consider-
tions (Beal, 2010). The Sonoran Institute states that Tucson should
romote itself along the Sun Corridor to solidify its economic posi-
ion (Hunting et al., 2010).
Although the southern border of the Sun Corridor is deﬁned
s the international border, the economic reach of the megapoli-
an extends beyond this boundary. Arizona is known as a state
hat exports manufactured goods, in fact, it is the 18th-highest
xporter among the 50 states, and Mexico is Arizona’s largest trad-
ng partner. The CANAMEX Corridor is located in the Santa Cruz
atershed—and includes both I-19 from Nogales to Tucson as well
s portions of I-10 through Tucson. The CANAMEX Trade Corri-
or, as deﬁned by Congress in the 1995 National Highway Systems
esignation Act, is a High Priority Corridor. Tucson beneﬁts from
ts ties to Sonora and the interior of Mexico proximity promotes
etail, industrial, and tourist economies on both sides of the bor-
er. Hunting et al. (2010) describes the historic and potential future
eneﬁts of cross-border commerce to people in the Santa Cruz
atershed.
In the MEA  (2005) global scenarios, the increase of international
ows of Ecosystem Services resulted in the largest improvements in
ealth and social relations for economically disadvantaged people,
specially at a local scale. The Megalopolis Growth Scenario was
eveloped to allow growth around the CANAMEX freeway and limit
rowth elsewhere. The CANAMEX freeway was buffered by 15-km
∼9.3 mi)  and everything outside that buffer zone was assigned a
artial weight (50%). The original Exclusion layer was used with the
ddition of a buffer zone deﬁning this potential Megalopolis strip
one (Fig. 5). Table 1 contains the exclusion probabilities applied to
ach of the growth scenarios described.Yes Yes Yes
5.  Results
The SLEUTH model was applied to generate a set of spatially
explicit future scenarios for estimating the regional and broader
binational impact of urbanization and land-use change in the bina-
tional Santa Cruz Watershed. The Current Trends Scenario shows
land consumption patterns similar to the 1979–2009 pattern, but
with a marked increase in urban area, transitioned largely from
evergreen, grasslands, and scrub/shrub land types (Fig. 6).
In the larger SCWEPM study, we are particularly concerned with
urban development and how the changes in urban and impervious
surfaces are impacting watershed hydrology and related ecosys-
tem services. For this reason, we analyzed how the changes impact
urban development in particular. As noted in Fig. 6, the urban area
grows from 1979 to 2009 (30 years) by approximately 60%. The
SLEUTH model mimics this pattern of exponential growth when
predicting urban development to the year 2050 (Fig. 7). The expo-
nential formula y = 6E−17e0.0232x can be applied to the trend line
pictured in Fig. 7. The coefﬁcient of determination (R2) is the pro-
portion of variability in a data set that is accounted for by the model,
which in this case is 0.9832, meaning that predicted values statis-Fig. 5. Map  of the CANAMEX freeway with a 15-km. strip zone on either side,
allocated for Megalopolis Scenario Growth trend.
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Fig. 6. Bar chart of the land consumption of the Current trends scenario 2050,
plotted with 1979 and 2009 for comparison.
Fig. 7. Graph depicting the exponential growth rate of the Santa Cruz Watershed to
the  year 2050 as predicted by SLEUTH.
Fig. 8. Resulting maps depicting land use in the year 2050, based on the Current Trends, Fig. 9. Graph depicting change in the land use classes for the year 2050 using Cur-
rent  Trends, Conservation, and Megalopolis Growth Scenarios in the Santa Cruz
Watershed.
expected, the Conservation Scenario is visually greener (more For-
est) than the Current Trends, especially south of the border and
around the riparian zone. The Megalopolis Scenario depicts growth
around the riparian area that coincides with the CANAMEX freeway,
but less outside that transportation strip zone, keeping headwaters
near Lochiel pretty rural (Fig. 8).
The actual acreage assigned to each land use varies per scenario
and can be considered for planning purposes (Fig. 9, Table 2). The
Current Trend Scenario yielded the most urban development given
the most ‘freedom to roam’. The Conservation Scenario depicts the
second most urban development, but conserves more evergreen
and deciduous forest, grasslands, and barren land in comparison to
the other scenarios. The Megalopolis Scenario has the least urban
area, but growth in-ﬁlls the transportation corridor that might
boost the economy of the area, yet will likely have large negative
environmental impacts.
Conservation, and Megalopolis Growth Scenarios in the Santa Cruz Watershed.
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Table 2
Acreage of land use/land classes in 2009, compared with % change per class, for the year 2050 Current Trends, Conservation, and Megalopolis Growth Scenarios in the Santa
Cruz  Watershed.
Acres in 2009 % Change from 2009 to
Current Scenario 2050
% Change from 2009 to
Conservation Scenario 2050
% Change from 2009 to
Megalopolis Scenario 2050
Urban 277,098 210 182 174
Open  water 1186 −42 −30 −42
Wetlands 4694 −86 −64 −79
Evergreen 330,580 −65 −19 −58
Deciduous 31,877 −89 −63 −86
Grasslands 211,943 −97 −63 −96
Crops 17,185 −79 −70 −69
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wUrban/recreational Grasses 8576 −86 
Shrub  1,293,204 −5 
Barren 59,291 −75 
. Discussion
All the scenarios demonstrate a continuation of historic devel-
pment trends that were observed in the 1979–2009 time period.
lternative future scenarios were generated that exhibit similar
evels of new development, but differing in terms of the spatial
atterns of development and the types of land converted to new
evelopment. The Megalopolis Scenario is considered the least
onservation-oriented option and is most positioned towards a
arket economy, yet results depict less growth than the Conser-
ation Scenario; this is counter-intuitive to the intention of the
cenario development. We  allowed growth inside the freeway cor-
idor and partially restrained (50%) future development outside
he corridor, creating a scenario with no more growth inside the
one than in the Current Trends Scenario. One way to overcome
his failing would be to calibrate SLEUTH-3r using a base value of
0, instead of 0 (the default) to indicate areas that are actually
ore likely to be developed and effectively creating an exclu-
ion/attraction layer, as expressed in Jantz et al. (2010).
Decision-makers and politicians need tools to inform their
nswers about environmental impacts, since they are regularly
aced with questions about who gains, who pays, and who loses as
 result of land-use management and policy. The SCWEPM is being
eveloped to provide information on how incremental changes in
anagement can impact ecosystem services using these spatially
xplicit footprints of plausible land-use scenarios. It will allow users
o evaluate and compare these potential land use patterns in a
ariety of ways. We  will integrate these geospatial datasets into
ydrology models to consider the impacts of land use change on
ater quality, contaminant ﬂow, and in relationship to ground-
ater. Predicted climate change information will also be used as
nput to simulate landscape scenarios of climate change sensitivity
cross the watershed. Land use change scenarios are being used to
enerate predictions of impacts to species richness, biodiversity,
nd wildlife habitat. A hedonics model is also being developed that
an simulate the impacts of these land use change scenarios on
urrent-day property values based on a spatial regression analysis.
he SCWEPM tool will provide a map-based multi-criteria evalua-
ion tool that stakeholders can use to debate tradeoffs at multiple
cales within a participatory process—effectively using the SLEUTH
rban growth model as a bridge from spatial structure of land use
lanning and quantitative ecosystem services.
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